Introduction: {#S1}
=============

Despite the advent of approved pharmacological interventions, IPF remains one the most challenging interstitial lung diseases to manage clinically^[@R1]^. The fibrotic triggers in IPF are unknown but it is speculated that persistent lung injury leads to alveolar epithelial cell injury and death, and subsequent aberrant repair mechanism(s) ablates the alveolus^[@R2]^. Recently, two new therapeutics have been FDA approved for the treatment of IPF patients, Ofev™ and Esbriet™, both of which were effective at slowing down disease progression. Unfortunately, neither therapeutic were effective at halting disease progression. Thus, many studies have focused on understanding mechanisms leading to the progressive decline of lung function in IPF patients to ultimately develop more effective second-generation therapeutics.

Experimental evidence and histological analysis indicate that there are multiple mechanisms, involving various cellular compartments that culminates into the progressive remodeling of the lung. Several studies have reported evidence for the injury and loss of the reparative Type II alveolar epithelial cells, leading to aberrant stromal activation and disrepair in IPF lungs. The origin of epithelial injury in IPF is controversial; however, studies have suggested various sources including pathogens^[@R3]^, ER stress^[@R4]^ and immune activation^[@R5]--[@R9]^. Indeed, experimental evidence and histological analysis indicate that there are innate and adaptive immune cells, particularly lymphocytes^[@R10]^, which might contribute to alveolar destruction and progressive remodeling of the lung. The accumulation of CD3^+^ T cells and CD20^+^ B cells in lymphocyte aggregates is well documented in the IPF lungs^[@R10]^ and a high prevalence of monoclonality and oligoclonality^[@R9],[@R11],[@R12]^, suggesting that lymphocytes may contribute to the pathological remodeling observed in the lungs of these patients. However, given the failure of immunomodulatory therapeutics in IPF^[@R13]^, the role of immune cells and immune cell activation in this disease remains controversial.

The phenotype of T cells in IPF has been poorly characterized. Few studies have reported that peripheral blood IPF T cells exhibit a surface and/or gene expression signature characterized by a loss of one or more costimulatory molecules, including CD28 and ICOS receptors and a negative correlation between progression-free survival and the abundance of CD28^null^ T cells in IPF patients^[@R8],\ [@R14]^ CD28^null^ T cells are antigen experienced memory T cells that are observed in multiple pathological conditions, including COPD^[@R15]--[@R17]^, kidney disease^[@R18]^, rheumatoid arthritis^[@R19]^ and myositis^[@R20],\ [@R21]^. These cells have been observed to possess shortened telomeres^[@R18],\ [@R22]^, markers of senescence^[@R18],\ [@R23]--[@R25]^ and to abundantly secrete IFNγ, TNFα, perforin and granzymes^[@R19],\ [@R23]^. Further, these cells may be resistant to corticosteroid treatment^[@R15]--[@R17],\ [@R20],\ [@R21],\ [@R26]^ and several studies have correlated their abundance with cytomegalovirus infection^[@R18],\ [@R27],\ [@R28]^. Given that these cells are often observed in chronic disease settings, where tissue fibrosis is often an outcome, further investigation of profibrotic and injurious mechanisms elaborated by CD28^null^ T cells in IPF is warranted.

In this report, a detailed characterization of the phenotype and function of IPF lung-derived T cells is provided. There was a significant increase in the number of CD28^null^ cytotoxic CD8^+^ T cells in IPF relative to normal explanted lung cellular suspensions. Transcriptomic analysis confirmed the overall loss of CD28 expression in IPF lung relative to normal donor blood derived T cells, where cells showing the lowest CD28 expression highly expressed transcripts involved in lysosomal and proinflammatory functions. CD28^null^ enriched IPF, but not CD28^+^ enriched normal, T cells induced more consistent, dexamethasone resistant, lung remodeling in humanized NSG mice. Flow cytometric analysis suggested that CD28^null^ T cells express similar levels of CTLA4 and significantly higher PD-1 proteins. Further, there was a significant increase in the percentage of PD-L1-expressing EpCAM^+^ and CD45^−^ EPCAM^−^ cells in IPF relative to normal lungs. Finally, anti-CTLA4 or anti-PDI mAb, treatment of humanized NSG mice exacerbated pulmonary fibrosis, with the former treatment correlating with an expansion of IPF T cells in these mice. Collectively, these results demonstrate that CD28^null^ T cells present in IPF lung have the potential to drive fibrotic mechanisms, but immune checkpoint protein expression might impede this process.

Results: {#S2}
========

Abundance of CD3^+^ CD8^+^ CD28^null^ T cells in explanted IPF lung tissues. {#S3}
----------------------------------------------------------------------------

Several studies have observed a correlation between the number of CD28^null^ helper CD4^+^ T cells and prognosis^[@R8],\ [@R14]^ However, these studies examined T cells from the peripheral blood of IPF patients. Thus, studies examining the relative abundance of CD28^+^ versus CD28^null^ T cells from normal and IPF explanted lung tissues were performed. Flow cytometric analysis of immune cells released after mechanical dissociation of explanted normal and IPF lung tissues showed similar levels of CD45^+^ immune ([Figure 1A--B](#F1){ref-type="fig"}) and CD45^+^ CD3^+^ T cells ([Figure 1C--D](#F1){ref-type="fig"}) recovered from both lung explants. There was a significant increase in the percentage of CD4^+^ helper ([Figure 1E--F](#F1){ref-type="fig"}) and CD8~+~ cytotoxic ([Figure 1E & 1G](#F1){ref-type="fig"}) T cells in IPF relative to normal lungs. Further, there was similar levels of CD28^+^ and CD28^null^ CD4^+^ helper T cells ([Figure 1H--J](#F1){ref-type="fig"}), CD28^+^ CD8^+^ cytotoxic T cells ([Figure 1K--L](#F1){ref-type="fig"}) and a significant increase in the percentage of CD28^null^ CD8^+^ cytotoxic T cells ([Figure 1K & 1M](#F1){ref-type="fig"}) in IPF relative to normal lungs. These results suggest that there is a significant increase in the number of CD28^null^ cytotoxic T cells in IPF lungs.

Flow cytometric analysis showed that CD3^+^ CD4^+^ CD28^+^ T cells from normal and IPF explanted lung tissues predominately expressed CD45RO, with fewer cells expressing CD45RA ([Figure S1A--B](#SD1){ref-type="supplementary-material"}, left panels; quantified in [Figure S1E](#SD1){ref-type="supplementary-material"}, left panels). Further, there was a significant reduction in the percentage of CD45RO^+^ CD4^+^ helper T cells in IPF relative to normal lung explant tissues ([Figure S1E](#SD1){ref-type="supplementary-material"}, bottom left panel). Consistent with published reports showing that CD4^+^ CD28^null^ T cells expressed markers of highly antigen mature, memory T cells (including CD45RO^[@R29],\ [@R30]^), CD28^null^ helper CD4^+^ T cells predominately expressed CD45RO but not CD45RA in both normal and IPF lung tissues ([Figure S1A--B](#SD1){ref-type="supplementary-material"}, right panels; quantified in [Figure S1E](#SD1){ref-type="supplementary-material"}, right panels). Further, most CD28^+^ CD8^+^ cytotoxic T cells in normal and IPF explanted lung tissues expressed CD45RO, with few cells expressing CD45RA ([Figure S1C--D](#SD1){ref-type="supplementary-material"}, left panels; quantified in [Figure S1F](#SD1){ref-type="supplementary-material"}, left panels). Unexpectedly, there were populations of CD28^null^ CD8^+^ cytotoxic T cells expressing CD45RA or CD45RO in both normal and IPF explanted lung tissues ([Figure S1 C--D](#SD1){ref-type="supplementary-material"}, right panels; quantified in [Figure S1F](#SD1){ref-type="supplementary-material"}, right panel). These results suggest that while CD4^+^ CD28^null^ T cells predominately express the memory T cell associated CD45RO antigen, CD8^+^ CD28^null^ cytotoxic T cells were observed to express CD45RA or CD45RO in lung tissues.

Enrichment of T cell activation and proinflammatory pathways in IPF lung T cells. {#S4}
---------------------------------------------------------------------------------

Various studies have reported that T cells from IPF patients are phenotypically and functionally distinct from T cells derived from normal donors^[@R8],\ [@R14]^ Specifically, IPF T cells exhibit monoclonal and oligoclonal properties^[@R9],\ [@R11],\ [@R12]^, and react to autoantigens^[@R6]^. In the present study, RNAseq data analysis of lung explant derived IPF T cells and normal peripheral T cells revealed that there were approximate 1850 transcripts significantly differentially expressed in IPF compared normal T cells ([Figure 2A](#F2){ref-type="fig"}). According to KEGG pathway analysis, T cell activation pathways (including Viral Myocarditis, Graft-versus-host disease, allograft rejection, type I diabetes mellitus, autoimmune thyroid disease, rheumatoid arthritis, influenza A and others) were enriched in IPF relative to normal T cells ([Table S1](#SD1){ref-type="supplementary-material"}). Ingenuity upstream analysis predicted the activation of various pro-inflammatory mediators, (including *TNF, IL1-β, IL6* and *IFN-γ)*, microbial sensors (including *TLR2, TLR3, TLR4, TLR7* and *TLR9)* and profibrotic mediators (including *PDGF-BB, TGF-β1, IL18*, and *IL13)* in IPF relative to normal T cells ([Table S2](#SD1){ref-type="supplementary-material"}). Indeed, there was an enrichment of various transcripts previously shown to be abundantly expressed and/or to play a role in pulmonary remodeling in IPF relative to normal T cells ([Figure 1B](#F1){ref-type="fig"}). Further, there was no evidence for Th2 or Th17 skewing in these cells based upon the lack of transcripts encoding for *IL17, IL4*, and *IL13* (data not shown) and no evidence for consistent predominance of *FOXP3, TGFb, IFNg, GZM* expressing T cells in IPF relative to normal T cells ([Figure 2C](#F2){ref-type="fig"}). These results suggest that IPF T cells are distinct from normal T cells via their expression of transcripts involved in T cell activation, inflammation, microbial sensing and fibrosis.

To better characterize the transcriptome of CD28^null^ T cells in IPF, transcriptomic datasets were mined for CD28 expression. This analysis was performed on FACS sorted T cells from three IPF patients (i.e. IPF1, IPF2 and IPF3) and three magnetically sorted peripheral blood CD4^+^ helper T cells (i.e. Normal 1, Normal 2 and Normal 3). There was an overall loss of CD28 transcript in IPF T cells, with IPF1 showing an almost complete loss of CD28 Transcript (Figures [2C](#F2){ref-type="fig"} & [S2](#SD1){ref-type="supplementary-material"}). CD28-low expressing IPF1 T cells expressed a very distinct transcriptome and clustered separately than IPF2 & IPF 3 T cells ([Figure 2A](#F2){ref-type="fig"}). To determine the pathways enriched in CD28^null^ IPF T cells, Ingenuity and KEGG pathway analysis was performed comparing IPF1 (low CD28) to IPF2 (high CD28) T cells. KEGG pathway analysis showed an enrichment of lysosomal and phagosomal transcripts (especially transcripts encoding for lysosomal and phagosomal proteases) in IPF1 relative to IPF2 T cells ([Table S3](#SD1){ref-type="supplementary-material"} & [Figure 1D](#F1){ref-type="fig"}). Ingenuity upstream analysis predicted the activation of proinflammatory and profibrotic mediators (IFNG, IL5, TGFB1, TNF, NFkB, IL4, IL1B, IL6, STAT4, PDGFBB) in IPF1 relative to IPF2 T cells ([Table S4](#SD1){ref-type="supplementary-material"}). Finally, Ingenuity comparison analysis of IPF1 vs IPF2 and CD28^null^ vs CD28^+^ CD4^+^ T cells (GSE78942^[@R31]^) showed similar upstream regulators (including IL1ß, TGFß1, TNF, IFNg, IL6 & IL5; [Table S5](#SD1){ref-type="supplementary-material"}) and ingenuity causal networks ([Table S6](#SD1){ref-type="supplementary-material"}) predicted to be active in IPF1 and CD28^null^ T cells. These results suggest that IPF1 T cells are highly enriched for CD28^null^ T cells and that these cells express many pro-inflammatory and pro-fibrotic mediators.

Activated CD28^null^ T cells have similar cytotoxicity to activated CD28^+^ T cells. {#S5}
------------------------------------------------------------------------------------

Several reports have suggested that CD28^null^ T cells have shortened telomeres^[@R18],\ [@R22]^, express markers of senescence and may have altered effector functions^[@R18],\ [@R23]--[@R25]^. Indeed, there was an enrichment in senescence-associated markers in IPF (especially in IPF1 T cells) relative to normal T cells ([Figure S3A](#SD1){ref-type="supplementary-material"}). Further, consistent with the previously described reports of alternative co-stimulatory protein and pathway expression in CD28^null^ T cells^[@R23],\ [@R32]^, IPF1 T cells showed a distinct expression pattern of co-stimulatory kinases and receptors (Including SRC, HRAS, HCK, SYK, CD40 and CD31; [Figure S3B](#SD1){ref-type="supplementary-material"}). To functionally assess the cytotoxicity of CD28^+^ versus CD28^null^ T cells in IPF, CD28^+^ and CD28^null^ T cells were magnetically enriched or FACS sorted and then co-cultured with RFP expressing A549 cells in the presence of activating CD3/CD28 chimeric antibodies (STEMCELL Technologies). The proliferation of A549 epithelial cells cultured alone or co-cultured with sorted T cells was monitored using an Essen Bioscience live cell imager over a span of 3--5 days. Over the time points analyzed, A549 epithelial cells rapidly proliferated to confluency ([Figure 3A](#F3){ref-type="fig"}), however, activated CD28^+^ ([Figure 3B](#F3){ref-type="fig"}), and to a lesser extent, CD28^null^ ([Figure 3C](#F3){ref-type="fig"}), T cells induced a marked reduction of overall A549 cell numbers over the duration of the experiments ([Figure 3D--F](#F3){ref-type="fig"}). In these studies, most of the patients tested required activating CD3/CD28 antibodies for T cell responses on the co-cultured A549 cells ([Figure S4A](#SD1){ref-type="supplementary-material"}); however, CD28^null^ T cells from a subset of IPF patients strongly reacted to A549 cells in the absence of activating antibodies ([Figure S4B](#SD1){ref-type="supplementary-material"}). These results suggest that CD28^+^ and CD28^null^ T cells may possess similar cytotoxic potential.

Isolated IPF1 T cells induced dexamethasone resistant pulmonary fibrosis in humanized NSG mice. {#S6}
-----------------------------------------------------------------------------------------------

Due to yield limitations in number of T cells required for *in vivo* analysis, functional analysis of CD28^null^ T cells was performed using cells from IPF1 and compared to those from a normal donor (whose cells abundantly express CD28). Normal and IPF1 T cells were magnetically sorted and intravenously injected into NODCg-Prkdc\<SCID\> IL2rg\<Tm1wil\>Szi (NSG) mice. Sixty-five days after the injection of 1 × 104 T cells from normal or IPF lung explants, Masson's trichrome staining revealed more consistent interstitial fibrosis in the lungs of NSG mice challenged with IPF T cells ([Figure 4D](#F4){ref-type="fig"}) but not in lungs of mice that received normal T cells ([Figure 4B](#F4){ref-type="fig"}), which were similar to naïve NSG mouse lungs ([Figure 4A](#F4){ref-type="fig"}). There was greater picrosirius red staining in the subpleural and interstitial lung regions in NSG mice that received IPF ([Figure 4E](#F4){ref-type="fig"}) relative to normal ([Figure 4C](#F4){ref-type="fig"}) T cells. Human CD45^+^ cells were detected in the lungs and the spleen of the humanized NSG mice ([Figure 4F--G](#F4){ref-type="fig"}, **left panels, respectively)**, and these cells expressed low levels of surface CD3ε protein ([Figure 4F--G](#F4){ref-type="fig"}, **right panels, respectively)**. Finally, there was a significant increase in hydroxyproline in the lungs of NSG mice that receive IPF relative to normal T cells ([Figure 4H](#F4){ref-type="fig"}).

To determine potential mechanisms through which IPF T cells promoted fibrosis in NSG mice, protein analysis of the bronchoalveolar lavage (BAL) fluid was performed for various markers of lung injury and inflammation. Compared with BAL from naïve NSG mice, there was modest, but progressive, decrease in the levels of surfactant protein C in the lungs of NSG mice that normal and IPF T cells ([Figure 4I](#F4){ref-type="fig"}). This decline did not appear to be the result of enhanced inflammatory responses because murine-IL12-p70, TNFα and IFNγ were modestly reduced or unchanged in the humanized NSG groups compared with the naïve NSG group ([Figure 4J](#F4){ref-type="fig"}). Thus, these results demonstrate that IPF T cells appear to be targeting mouse type 2 epithelial cells rather than evoking an inflammatory response in the lungs of humanized NSG.

Given the failure of immunomodulatory therapeutics in IPF^[@R13]^, the role of immune cells and immune cell activation in this disease remains controversial. However, several reports have suggested that CD28^null^ T cells are resistant to Immunosuppressants clinically^[@R15]--[@R17],\ [@R26]^. Thus, to assess the sensitivity of IPF CD28^null^ T cells to corticosteroids, 2 × 10^5^ IPF1 T cells were intravenously administered into NSG mice two hours after intraperitoneal treatment with dexamethasone (10 mg/kg). Mice were then treated with the immunosuppressant twice a week for a total of 5 weeks. As a control, untreated, IPF1 T cell challenged and naïve, non-humanized, mice were utilized. After a total of 5 weeks, mice were sacrificed, and their lungs were collected for histological and biochemical analysis. Relative to naïve lungs ([Figure 5A](#F5){ref-type="fig"}), untreated IPF1 T cells induced focal areas of interstitial consolidation and blue trichrome staining ([Figure 5B](#F5){ref-type="fig"}), which was more consistently observed after dexamethasone treatment ([Figure 5C](#F5){ref-type="fig"}). Biochemical analysis of hydroxyproline concentration in NSG lung tissues suggested that IPF1 T cells induced a trending (albeit non-consistent) increase in hydroxyproline content in the lungs; however, dexamethasone treatment of IPF1 T cell challenged mice induced a consistent and significant elevation in hydroxyproline content in the lungs relative to naïve NSG mice ([Figure 5D](#F5){ref-type="fig"}). Further, mining of transcriptomic datasets for transcript expression of genes that has been previously shown to play a role in the resistance of CD28null T cell to immunosuppressive therapy^[@R15]--[@R17],\ [@R33]^ showed that IPF 1 T cells had markedly reduced *NR3C1* and HDAC2 transcript expression, and increased HSP90 transcript expression relative to other IPF and normal T cells ([Figure S5](#SD1){ref-type="supplementary-material"}). These results suggest that CD28^null^-rich IPF1 T cells may be resistant to the immunosuppressant, dexamethasone.

CD28^null^ T cells express similar levels of CTLA4 and significantly higher levels of PD-1 protein relative to CD28^+^ cells. {#S7}
-----------------------------------------------------------------------------------------------------------------------------

Consistent with previous reports^[@R8],\ [@R14]^, transcriptomic analysis showed that there was an overall loss of co-stimulatory proteins in the CD28^null^-rich IPF1 T cells relative to IPF2, IPF3 and normal T cells ([Figure S3B](#SD1){ref-type="supplementary-material"}). This phenotype is consistent with T cell phenotypes that have been previously described in aged and immune checkpoint-regulated T cells^[@R25],\ [@R34],\ [@R35]^. Further, there was no conclusive or consistent evidence for T cell activation and/or T cell mediated autoimmunity in the IPF patients examined elsewhere or herein. Consequently, we hypothesized that host-mediated immunomodulatory mechanisms such as immune checkpoint pathways may modulate the activity of CD28^null^ T cells. Flow cytometric analysis of normal and IPF T cells showed that CD28^+^ and CD28^null^ CD4^+^ helper T cells express similar cell surface levels of CTLA4 ([Figure 6A](#F6){ref-type="fig"}) and PD-1 ([Figure 6B](#F6){ref-type="fig"}) proteins. However, flow cytometric analysis of CD8^+^ cytotoxic T cells showed that CD28^null^ cells express similar levels of CTLA4 ([Figure 6C](#F6){ref-type="fig"}) and significantly higher levels of PD-1 ([Figure 6D](#F6){ref-type="fig"}) proteins relative to CD28^+^ cytotoxic T cells. Similar analysis for PD-L1 indicated that this ligand was significantly reduced on CD45^+^ immune cells in IPF compared with normal lungs ([Figure 6E--F](#F6){ref-type="fig"}). However, there was a significant elevation in the expression of PD-L1 in IPF CD45^−^ EpCAM^+^ cells ([Figure 6G--H](#F6){ref-type="fig"}), and CD45^−^ EpCAM^−^ cells ([Figure 6I--J](#F6){ref-type="fig"}) relative to their normal counterparts. Collectively, these results suggested that IPF lungs have significantly higher levels of CD8^+^ cytotoxic CD28^null^ T cells, which express significantly higher levels of the immune checkpoint protein PD-1. Further, there was a significant increase in the percentage of structural cells in IPF lungs expressing PD-L1 protein relative to their normal counterparts.

Immune checkpoint inhibitors exacerbated pulmonary fibrosis and the expansion of human T cells in humanized NSG mice. {#S8}
---------------------------------------------------------------------------------------------------------------------

To assess the role of immune checkpoint proteins in T cell mediated lung remodeling in humanized NSG mice, a modification of the humanized NSG model was introduced, where cells expressing immune checkpoint ligands and T cells were administered into NSG mice, as previously described36. In this model, lung remodeling is observed starting at 35 and more consistently after 63 days after the intravenous injection of immune and non-immune IPF cells into NSG mice (including EpCAM^+^ epithelial cells, PDGFR-alpha^+^ and PDGFR-beta^+^ stromal cells, SSEA4^+^ progenitor cells, CD31^+^ cells, CD3^+^ T cells, CD19^+^ B cells, CD335^+^ cells and CD45^+^ CD138^+^ plasma cells, as previously described^[@R36]^). Flow cytometric analysis of humanized NSG lung tissues, 63-days after IPF explant cell administration revealed that human CD3^+^ cells were present in the lungs ([Figure S6A--C](#SD1){ref-type="supplementary-material"} **and quantified in** [S6D](#SD1){ref-type="supplementary-material"}) and spleens ([Figure S6E--G](#SD1){ref-type="supplementary-material"} **and quantified in** [S6H](#SD1){ref-type="supplementary-material"}) of the injected NSG mice. These studies demonstrate that human T cells engraft in NSG mice after the intravenous introduction of immune and non-immune IPF cells and this coincides with lung fibrosis in humanized NSG mice.

We next examined the effects of checkpoint targeting mAbs on the lung fibrosis elicited by the intravenous introduction of IPF cells into NSG mice. Compared with naïve NSG mice ([Figure 7A](#F7){ref-type="fig"}), humanized NSG mice that received anti-CTLA-4 ([Figure 7D](#F7){ref-type="fig"}) or anti-PD-1 ([Figure 7F](#F7){ref-type="fig"}) mAb exhibited histologic evidence of mild interstitial consolidation compared with saline-treated ([Figure 7B](#F7){ref-type="fig"}) and the IgG-treated ([Figure 7C & 7E](#F7){ref-type="fig"}) NSG mouse groups. Further, there was a significant elevation in hydroxyproline in the anti-CTLA-4 and anti-PD-1 mAb-treated groups compared with the respective IgG control NSG group ([Figure 7G](#F7){ref-type="fig"}). Anti-CTLA4 mAb treatment increased the numbers of human-CD3~+~ cells ([Figure 7H](#F7){ref-type="fig"}) and murine F4/80^+^ CD11c^−^ macrophages ([Figure S7B](#SD1){ref-type="supplementary-material"}) compared with the appropriate IgG control group. Finally, there were no significant changes in the number of mouse myeloid cells (F4/80^+^ CD11c^+^, F4/80^−^ CD11c^+^ and F4/80^−^ Ly6G^+^ cells) in the lungs of any of the NSG mouse groups ([Figure S7A & S7C--D](#SD1){ref-type="supplementary-material"}). Thus, these results demonstrate that targeting PD-1 or CTLA4 accelerated fibrosis in a translational NSG model of pulmonary fibrosis.

Discussion: {#S9}
===========

While the precise role of the immune system on the progression of IPF remains controversial, recent evidence suggest that immune pathways may be aberrantly activated in this disease^[@R5],\ [@R7]^ These findings provided the impetus to further characterize various immune cell populations in IPF lungs and to determine the roles of these cells in disease initiation and progression. The data present herein indicated that there is an abundance of cytotoxic CD8^+^, but not helper CD4^+^, CD28^null^ T cells in explanted IPF lungs relative to normal donor lungs. These finding are inconsistent with one study showing the abundance of CD4^+^ CD28^−^ T cells in IPF patients' blood^[@R8]^, potentially due to differences between the circulating and lung-associated T cell populations, as previously suggested^[@R37]^, or heterogeneity within different cohorts of IPF patients. There was a significant difference in the age of the IPF patients and normal lung donors (Mean66.8 versus 52.8, respectively; p=0.0137), thus, it is possible that differences in the abundance of CD28^null^ T cells observed in our studies may be in-part due to the age differences IPF and normal donors. Future studies are warranted to confirm our findings in other cohorts of IPF patients.

*In vivo* studies suggested that IPF CD28^null^ T cells may promote dexamethasone-resistant lung fibrosis, when administered alone (i.e. in the absence of other immune and non-immune cells). These studies were performed with T cells from an IPF patient (IPF1) showing relatively low levels of CD28 transcript ([Figure S2](#SD1){ref-type="supplementary-material"}), which induced lung remodeling as early as day 35 but more consistently after 63--65 days. In addition to showing reduced CD28 transcript expression, cells from IPF1 showed reduced expression of other co-stimulatory proteins, including ICOS, CD137 and BTLA, suggesting that CD28 is not uniquely lost on these cells and that there may be a global loss of co-stimulatory proteins on these cells. Interestingly, dexamethasone seemed to accelerate IPF1 T cell induced lung fibrosis in NSG mice, as evident by histological analysis and consistent elevation of hydroxyproline concentration after 35 days of T cell administration and dexamethasone treatment. Mechanisms leading to dexamethasone resistance in IPF CD28^null^ T cells remain elusive; however, our transcriptomic data suggests that downregulation of glucocorticoid receptor and HDAC2 transcript expression may play a role, similar to what has been reported in CD28^null^ T cells in COPD^[@R38],\ [@R39]^. However, HSP90, a chaperone that has been previously observed to promote corticosteroid binding to glucocorticoid receptor^[@R17]^, was elevated in IPF1 T cells, suggesting that this protein may partially rescue any potential deficiencies to corticosteroid responses mediated by reduced glucocorticoid receptor expression. Future work is warranted to better understand the extent of immunosuppressive resistance of IPF CD28^null^ T cells and to identify therapeutic mechanisms that may directly target these cells or sensitize them to immunosuppressive therapy.

Due to limitations in the number of cells recovered from explanted lung tissues, studies examining differences between CD28^+^ versus CD28^null^ and CD4^+^ CD28^null^ versus CD8^+^ CD28^null^ T cells from the same explanted lung tissues were not possible. This limitation can be potentially overcome by the use of peripheral blood T cells from these patients; however, differences in circulating versus lung associated T cell populations, as recently suggested^[@R37]^, may lead to differing responses in NSG mice. While CD28^null^ T cells are rarely detected in mice^[@R40]^, one study have shown that CD8^+^ CD28^null^ T cells may expand in the pulmonary airways of mice in response to cigarette smoke^[@R41]^. Thus, future studies utilizing mouse models of fibrosis may help further characterize the role(s) of these cells in lung injury, remodeling and repair.

Loss of CD28 on T cells is a feature of antigen experienced, highly differentiated and aged T cells^[@R25],\ [@R35],\ [@R42]^, a finding that is consistent with the limited IPF T cell receptor repertoire observed by others^[@R6],\ [@R9],\ [@R11],\ [@R12]^, Given that IPF CD28^null^ T cells were previously reported to be stimulated with anti-CD3 antibodies alone (i.e. in the absence of co-stimulatory signal activation)(1), and the lack of co-stimulation of CD28^+^ T cells may lead to their anergy (2), we have decided to stimulate both CD28^+^ and CD28^null^ T cell groups with a tetrameric complex of anti-CD3 and -CD28 antibodies (STEMCELL technologies). This approach ensured that both groups are efficiently activated, thus allowing for adequate comparison of their cytotoxic potential. Despite the loss of CD28, CD28^null^ T cells showed similar *in vitro* cytotoxic potential relative to their CD28^+^ counterparts. Transcriptomic analysis of CD28-transcript-low IPF1 T cells revealed an abundance of T cell activation and autoimmune pathways, inflammasome and pro-inflammatory cytokine expression and similar upstream regulator activation to previously characterized CD28^null^ T cells^[@R31]^. Indeed, similar expansion and/or responses of CD28^null^ T cells have been previously reported in inflammatory disorders, including atherosclerosis, chronic viral infection and autoimmunity^[@R42]^ and IPF^[@R8]^.

Using a humanized NSG model that is initiated via the intravenous introduction of CD28^null^-enriched T cells purified from IPF1 lung explants, adoptively transferred T cells induced lung remodeling that was most consistent after 63--65 days of cell injection into NSG mice. One potential mechanism leading to this observed remodeling by IPF T cells is the loss of BAL surfactant protein C in IPF1 humanized NSG mice. While the levels of surfactant protein C were not significantly altered, relative to naïve mice, the levels of this protein were consistently reduced in the BAL of IPF1 T cell humanized mice, suggesting a loss of alveolar type II epithelial cells or the modulation of surfactant protein C expression by these cells. Indeed, several studies have shown that dysfunction or injury of alveolar type II epithelial cells promotes interstitial lung remodeling in mice^[@R43]^ and that surfactant homeostasis is required to lower surface tension during normal respiration, thus maintaining normal alveolar structures and decreasing susceptibility to injury^[@R44]^. Further, in our *in vitro* studies, a subset of IPF patients possessed T cells that were cytotoxic to A549 epithelial cells in the absence of T cell receptor activating antibodies, suggesting that these cells may be reactive A549 cells, a cell like that expresses many proteins that are specifically expressed by Alveolar type II epithelial cells. Thus, our results suggest that CD28^null^ T cells may promote lung remodeling by targeting alveolar type II epithelial cells or by modulating surfactant protein C production by these cells.

With the recent success of immune checkpoint inhibitors in treating various solid tumors, immune checkpoint pathways have been an active area of investigation^[@R45],\ [@R46]^. These pathways have been shown to regulate the activation of acquired immune cells, especially T cells via receptor-ligand signaling and soluble mediators^[@R45]--[@R47]^. The most studied (and clinically targeted) immune checkpoint proteins include PD-1 (and its ligands, PD-L1 and PD-L2) and CTLA-4, which are often elevated in chronic infection and cancer^[@R45]--[@R47]^. Transcriptomic analysis of IPF1 T cells suggested that these cells abundantly expressed *PDCD1* and *CTLA4* transcripts. Flow cytometric analysis on CD28^null^ cytotoxic T cells showed higher levels of PD-1 receptor on these cells relative to CD28^+^ cytotoxic T cells. Further, there was an abundance of PD-L1 expression by structural cells in IPF relative to normal lung samples. When anti-CTLA-4 mAb or anti-PD-1 mAb were used in humanized NSG mice, both mAbs significantly increased lung fibrosis compared with the appropriate IgG-treated NSG group. In addition, anti-CTLA-4 mAb treatment was associated with increased human T cell engraftment and/or proliferation compared with the IgG-treated NSG group. In these studies, we observed no significant differences in BAL surfactant protein C (not shown), in neutrophils or inflammatory mediators in humanized NSG mice compared with naïve NSG mice. There was no evidence of cellular infiltration or injury in the liver or kidney of humanized NSG mice suggesting that the fibrotic response induced by IPF cells in the lungs of NSG mice was not due to graft-versus-host disease. These results suggest that immune checkpoint mediated lung remodeling may be driven through different mechanisms that what was observed in IPF1 T cells humanized NSG mice, potentially due to the differences in human cell populations present in these two humanized NSG models (i.e. T cells alone or immune and structural cells). It is possible that proinflammatory cytokines and chemokines may be released by T cells in response to checkpoint inhibition, which may act on other human cells to promote lung remodeling. Collectively, our results demonstrate that profibrotic CD28null T cells are elevated in IPF lung tissues that CTLA-4 and PD-1 might protect against fibrosis in IPF via its modulation of T cells poised to initiate profibrotic mechanisms.

Materials and Methods: {#S10}
======================

Study approval: {#S11}
---------------

Institutional Review Board approval for the studies outlined herein was obtained at Cedars-Sinai Medical Center. Informed consent was obtained from all patients prior to inclusion in the studies described herein. Cedars-Sinai Medical Center Department of Comparative Medicine approved all mouse studies described herein. All studies were performed in accordance with the relevant State and Federal guidelines and regulations.

Isolation of IPF explant cells and T cell sorting for *in vivo* studies: {#S12}
------------------------------------------------------------------------

Normal and IPF lung explants were acquired from consented donors. The demographics of the normal donor lung tissues and IPF patients utilized in RNAseq, flow cytometric analysis and NSG studies are provided in [Table S7](#SD1){ref-type="supplementary-material"}. The mean age of the normal donors and IPF patients were 52.8 and 66.8, respectively (p=0.0137 via Mann Whitney two-tailed non-parametric T test). Fresh explant cells were isolated are previously described^[@R36]^. For *in vivo* experiments, cells were rapidly thawed, washed in serum free medium and intravenously injected into NSG mice as described below. To isolate T cells for NSG studies, T cells were magnetically sorted from freshly thawed bio-banked explant cells using anti-human CD3 microbeads (Miltenyi Biotech, 130-050-101). Sorted cells were then cultured on plastic dishes for 2 hours to deplete any contaminating antigen presenting cells, after which 100,000 cells were intravenously injected into NSG mice.

In vitro assessment of T cell cytotoxicity. {#S13}
-------------------------------------------

RFP-expressing A549 epithelial cells were plated onto a 96 well plate at a concentration of 2500 cells/well and incubated overnight at 37 °C and 10% CO~2~. The next morning, bio-banked IPF lung explant suspensions were thawed out and CD3^+^ T cells were magnetically enriched using releasable magnetic beads (STEMCELL Technologies). CD3^+^ cells were then stained with anti-CD28-APC (Biolegend) and CD28^+^ cells were enriched using anti-APC magnetic beads (STEMCELL Technologies). After enrichment, A549 cells were washed and 6 × 10^4^ non-bound cells (CD28^null^) and CD28 enriched (CD28^+^) cells were added onto the A549 epithelial cells in RPMI + 15% FBS (Atlanta Biological), 100 IU penicillin and 100 μg/ml streptomycin (Mediatech, Manassas, VA), 292 μg/ml L-Glutamine (Mediatech) and 100 μg/ml of Primocin (Invivogen, San Diego, CA). Alternatively, IPF lung explant suspensions were stained with anti-CD45-PE/Cy7, anti-CD3-PE, anti-CD28-APC and DAPI (Biolegend). DAPI− CD45^+^ CD3^+^ CD28^+^ and DAPI^−^ CD45^+^ CD3^+^ CD28^−^ cells were FACS sorted using a BD Influx cell sorter (BD Biosciences). All treatments were performed in duplicates or triplicate (depending on the T cell yield). As control, A549 cells cultured alone were utilized. T cells were then stimulated with ImmunoCult™ Human CD3/CD28 T cell activator (STEMCELL Technologies) and the cells were allowed to settle on the A549 epithelial cells for 30 minutes at room temperature. After 30 minutes, 96 well plate was placed into an IncuCyte ZOOM live cell imager (Essen Biosciences) and images were acquired under phase and red fluorescence conditions every 2--3 hours for 3--5 days. The number of red nuclei was then quantified using IncuCyte ZOOM software version 2016B (Essen Biosciences). Images were then exported and the number of nuclei over time was graphed using GraphPad prism software version 7.0d (GraphPad)

Mice: {#S14}
-----

All mouse studies were approved by IACUC and Comparative medicine at Cedars-Sinai Medical Center. Six to eight-week old Pathogen free NOD Cg-Prkdc\<SCID\> IL2rg\<Tm1wil\>Szi (NSG) were purchased from Jackson laboratories and housed in Cedars-Sinai Medical Center's high isolation animal rooms. Mice were allowed a minimum of one week to acclimate, and 1 × 10^6^ mixed cells or 1--2 × 10^5^ purified T cells were then injected intravenously into groups of 5 NSG mice or more. Mice were sacrificed after 35, 63 or 65 days. Dexamethasone treated mice were treated with veterinary grade dexamethasone solution (VetOne) at 10 mg/kg intraperitoneally, twice a week for five weeks. To determine the role of immune checkpoint pathways in our humanized NSG model, mixed IPF explant cell-xenografted NSG mice were treated with 5 mg/kg of anti-PD-1 (Opdivo), anti-CTLA-4 (Ipilimumab) or IgG control antibodies (IgG~4~ or IgG~1~, respectively) twice a week for four weeks. After a total of five weeks, mice were sacrificed, and their lungs were collected for flow cytometric, histologic and biochemical analysis. BAL fluid was collected for protein analysis, the superior and middle lobes were collected for biochemical hydroxyproline quantification, the inferior lobe for flow cytometric analysis.

Histological analysis: {#S15}
----------------------

Left lung tissue was fixed in 10% NBF solution for 24 hours and subsequently transferred into tissue cassettes and placed into a 70% ethanol solution for a minimum of 24 hours. Tissues where paraffin embedded, sectioned, and stained with Masson's trichrome. For Picrosirius red staining, slides were deparaffinized and hydrated, stained with hematoxylin for one minute and then for one hour in a Picrosirius red solution (5 grams Sirius red F3B (Sigma-Aldrich) in 500 ml of saturated aqueous Picric acid solution (Sigma-Aldrich)). After staining, slides where washed in two changes of 0.05% Glacial acetic acid solution, dehydrated and mounted. Stained slides where examined using a Zeiss Axio Observer Z1 microscope and the Zeiss Zen 2012 v 1.1.2.0 software (Zeiss).

Hydroxyproline assay: {#S16}
---------------------

Total lung hydroxyproline was analyzed as previously described^[@R48]^. To compare changes in hydroxyproline concentration, humanized lung samples were assayed together with hydrolyzed lung samples from naïve mice housed in the same facility and treated similarly^[@R36]^.

Flow cytometry of Human Lung explant suspensions: {#S17}
-------------------------------------------------

Human lung cells were added to flow cytometry wash/staining buffer and blocked with anti-human Fc receptor antibodies (Biolegend) for 15 min at 4 °C. After blocking, cells were stained with anti-human CD45, EpCAM, CD3, CD8, CD4, CD45RO, CD45RA, CD28, CTLA4, PD-1 and/or PD-L1 antibodies (Biolegend) for 20 minutes at 4 °C. Unstained, isotype and fluorescent minus one controls ([Figure S8](#SD1){ref-type="supplementary-material"}) were utilized to gate out any non-specific antibody binding and background fluorescence. Cells were then washed twice with flow cytometry wash/staining buffer, fixed in 5% neutral buffered formalin. Flow cytometric data were acquired using a MACSQuant 10 (Miltenyi Biotech) flow cytometer and data were analyzed using Flowjo software V10.2 (Treestar Inc.).

Statistical analysis: {#S18}
---------------------

All statistical analyses were performed using GraphPad Prism software version 7.0d (GraphPad).
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![Abundance of CD8^+^ CD28^−^ T cells in IPF lung cellular suspensions.\
Normal and IPF explanted lung tissues were mechanically minced to release loosely adherent and non-adherent cells. The resulting cellular suspensions was stained with anti-CD45, CD3, CD4, CD8 and CD28 antibodies. Depicted are dot plots (**A, C, E, H &K**) and average percentages (**B, D, F, G, I, J, L & M**) of CD45 (**A-B**), CD3 (**C-D**), CD4 & CD8 (**E-G**), CD28 within CD4^+^ (**H-J**) and CD28 within CD8^+^ (**K-M**) stained cells. Dot plots from normal and IPF samples are depicted on the top and bottom, respectively. Data shown are mean ± s.e.m; n=15/group. P values are indicated or \*p ≤ 0.05 \*\*p ≤0.01 via two-tailed Mann-Whitney non-parametric test.](nihms-1504187-f0001){#F1}

![Enrichment of pro-inflammatory and profibrotic transcripts in IPF versus normal T cells.\
Normal T cells were magnetically sorted from peripheral blood from normal donors and IPF T cells were sorted form IPF lung explant cellular suspensions, RNA was extracted and subject to RNA sequencing. Normalized FPKM values and EDGE significant transcripts were calculated using CLC workbench genomics and imported into Morpheus ([Broadinstitute.org](http://Broadinstitute.org)). **(A)** Depicted are significantly differentially expressed transcripts in IPF relative to normal T cells clustered using one minus Pearson correlation distance metric. **(B-D)** Depicted are heat maps generated using Morpheus of FPKM values for transcripts encoding proteins involved various pro-inflammatory and profibrotic pathways (B), T cell activation and polarization (C) and in lysosomal genesis and function (D). n=3/group.](nihms-1504187-f0002){#F2}

![*In vitro* cultured CD28^null^ T cells show sim ilar anti-tumorigenic cytotoxicity to CD28^+^ T cells.\
IPF lung explant cellular suspensions were stained with anti-CD28-APC antibodies. CD3^+^ CD28^+^ or CD3^+^ CD28^null^ T cells were magnetically enriched (D) or FACS sorted (E-F) from IPF lung explant cell suspensions. CD28^+^ and CD28^−^ T cells were co-cultured with NucLight Red lentivirus transduced A549 cells and the proliferation of A549 cells was monitored over-time using an Incucyte Zoom live cell imaging system. **(A-C)** Shown are representative images taken 24-hours apart of non-treated control (A), CD28^+^ T cell co-cultured (B) or CD28^null^ T cell co-cultured (C) A549 cells. **(D-F)** Shown is the number of RFP^+^ A549 cells overtime after culturing alone (red) or in the presence of IPF CD28^+^ (blue) or CD28^null^ (black) T cells. This study was performed using cells from 3 different IPF patients in triplicate.](nihms-1504187-f0003){#F3}

![Lung-associated IPF T cells induced lung fibrosis in NSG mice.\
Normal or IPF lung-associated T cells were FACS or magnetically sorted from lung explants. One hundred thousand cells were intravenously administered into NSG mice and 65 days after injection, mice were sacrificed, their lungs and spleens were collected for histological and flow cytometric analysis. **(A-E)** Depicted are whole mount images of Masson's Trichrome (A, B & D) or Picrosirius red (C & E) stained lungs from Naïve (A) normal (B-C) and IPF lung explant derived T cell (D-E) challenged mice. Shown are representative images from mice challenged with T cells from one normal and two IPF patients. **(F-G)** Shown are representative flow cytometric dot plots depicting human CD45 (left) and CD3 (right) expressing cells in the lungs (left) and the spleens (right) of NSG mice challenged with IPF T cells. **(H)** Shown is the average hydroxyproline concentration from the lungs of NSG mice given either normal or IPF T cells. Data shown are mean ± s.e.m; n=5 mice/group. \*\*p ≤ 0.01 via one-tailed Mann-Whitney non-parametric test. **(I)** One milliliter of BAL was collected from naive or T cell challenged mice. Depicted is the average surfactant protein C concentration in the BAL of naïve, normal or IPF T cell challenged NSG mice. **(J)** Depicted is the average IL12-p70, IFN-gamma (IFNγ) and TNF-alpha (TNFα) in the BAL from 3--5 naïve or IPF T-cell humanized mice per group. These studies were performed using T cells derived from one IPF patient (IPF1) and one normal donor lung. Data shown are mean ± s.e.m; n=3--5 mice/group \*\*p = 0.0063 \*\*\*p = 0.0002 via 2way-ANOVA Sidak-corrected.](nihms-1504187-f0004){#F4}

![IPF explant T cells enriched with CD28^null^ cells are resistant to dexamethasone treatment in NSG mice.\
IPF-1 lung associated T cells were intravenously administered into NSG mice. One group was treated with 10 mg/kg of Dexamethasone (Dex) intraperitoneally twice a week for 5 weeks. After a total of 5 weeks, NSG mice were sacrificed, their lungs were collected for histological and biochemical quantification of hydroxyproline concentration. (**A-C**) Depicted are whole mount images of Masson's Trichrome stained lungs from Naïve (A) IPF T cell challenged, Untreated (B) or Dex treated (C) NSG mice. (**D**) Shown is the average hydroxyproline concentration from the lungs of naïve, NSG mice given IPF1 T cells untreated or Dex treated. Data shown are mean ± s.e.m. n=5 mice/group. \*\*p ≤ 0.01 via one-tailed Mann-Whitney non-parametric test. These studies were performed using T cells derived from one IPF patient (IPF1).](nihms-1504187-f0005){#F5}

![Abundance of PD-1 on CD8^+^ CD28^null^ T cells and PD-LI on IPF structural cells.\
Normal and IPF lung explant suspensions were stained with Anti-CD3, CD4, CD8, CD28, PD-1 and CTLA-4 antibodies. Depicted are the geometric mean fluorescence intensities (GMFI) of CTLA-4 (**A-B**) or PD-1 (**C-D**) fluorescence staining on CD3^+^ CD4^+^ (A & C) and CD3^+^ CD8^+^ (**B & D**) T cells. Data shown are mean ± s.e.m; n=14--15/group. \*\*\*p ≤ 0.001 via Kruskal-Wallis non-parametric test corrected using Dunn's multiple comparison test. (**E-J**) Flow cytometric analysis of mechanically dissociated normal and IPF lung explant cellular suspensions for cell surface PD-L1 protein. Depicted are representative dot plots of CD45^+^ (E), CD45^−^ EpCAM^+^ (G) and CD45^−^ EpCAM^−^ (I) cells, expressing PD-L1 from normal (left) and IPF (right) lung explants. Bar graphs (F, H & J) depict the average percentage of cells expressing PD-L1 in normal or IPF lung explants. Data shown are mean ± s.e.m; n=10--12/group. \*\*p ≤ 0.01 \*\*\*\*p ≤ 0.0001 via two-tailed Mann-Whitney non-parametric test.](nihms-1504187-f0006){#F6}

![Targeting PD-1 or CTLA-4 in a humanized NSG model of IPF exacerbates lung remodeling.\
IPF explant cells were intravenously administered into NSG mice. Seven days after administration, mice were treated with anti-PD-1, anti-CTLA4 or IgG control antibodies (5 mg/kg) twice a week for 28 days. After a total of 35 days, mice were sacrificed, their lungs were collected for flow cytometric, histological, and biochemical analysis. **(A-F)** Depicted are whole mount images of Masson's Trichrome stained lungs from Naïve (A) and IPF explant cell challenged mice, treated with saline (B), IgG~1~ (C), anti-CTLA4 (D), IgG~4~ (E) or anti-PD-1 (F) antibodies. **(G)** Data shown are mean ± s.e.m; n=5 mice/group. \*p ≤ 0.05 \*\*p ≤ 0.01 via one-tailed Mann-Whitney non-parametric test. **(H)** Lung cellular suspensions were generated from naïve and xenograft antibody treated NSG mice and subject to flow cytometric analysis for human CD3. Depicted is the average number of CD3^+^ (H) cells in the lungs of NSG mice. Data shown are mean ± s.e.m; n=4--5/group. \*p ≤ 0.05 via two-tailed Mann-Whitney non-parametric test. These studies were performed using T cells derived from one IPF patient (IPF1).](nihms-1504187-f0007){#F7}
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